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We demonstrate that individual carbon nanotubes~CNTs! can be visualized with fluorescence
microscopy through noncovalent labeling with conventional fluorophores. Reversal of contrast in
fluorescence imaging of the CNTs was observed when performing labeling procedure in a nonpolar
solvent. Our results are consistent with a CNT-fluorophore affinity mediated by hydrophobic
interaction. The reverse-contrast images also provide clear indication of nanotube location. ©2003






































There have been several reports on efforts to attach m
ecules and proteins to carbon nanotubes~CNTs! through
covalent1–4 as well as noncovalent interactions.5–8 In some
of these, the goal of specific immobilization of biologic
molecules on CNTs for biological and chemical sens
applications7,9 was explored. Other work has focused on o
tical properties of molecules adsorbed onto CNTs. In th
studies, optical behavior of adsorbed molecules was u
both as a mode of probing molecule/CNT interactions2 a
well as a method of labeling the CNTs for fluorescen
microscopy.5 Unlike covalent functionalization, which re
quires damage to the atomic lattice and the electronic p
erties of the CNT, labeling through noncovalent attachme
allows for the entire length of the CNTs to be visualiz
without perturbing thesp2 bonded graphene sidewall. Lik
many biological structures studied with optical microsco
CNTs are too small to observe consistently without the aid
fluorescent tags. Larger CNTs can be imaged with phas
differential interference contrast imaging with the help
video enhancement, but reliable fluorescence labeling all
for much smaller CNTs to be visualized with optical micro
copy. We present here a preliminary study of the noncova
binding of several common fluorescent dyes to multiw
CNTs in both polar and nonpolar solutions. These res
complement recent reports of attachment of a fluoresc
polymer to single-wall CNTs and subsequent imaging
single-wall CNT bundles in a polar solvent~1,2
dicholorethane!.5 This is a report of fluorescence imaging
individual CNTs in biologically relevantenvironments.
We labeled the CNTs using two procedures. Inmethod 1,
CNTs were deposited from suspension onto glass slides
a!Electronic mail: falvo@physics.unc.edu1210003-6951/2003/83(6)/1219/3/$20.00



















the solvent removed by evaporation upon spin coating. T
flourophore solution was prepared by adding 1.5ml of the
fluorophore solution~5 mg/ml in 100% methanol! to 99ml of
diH20. This solution was then passed over the adsorbed C
in a simple flow cell mounted in an optical microscope.
method 2, 250ml of the CNT suspension was combined wi
the fluorophore/water solution in a test tube and mixed fo
s prior to spin coating onto a glass slide for imaging~spun
350 ml in seven 50ml aliquots onto glass slide!. For both
methods, the CNT suspensions were prepared by sonica
;1 mg of arc prepared CNT soot in 20 ml of methanol.
Two optical microscopes were used for this work:
Zeiss Axiovert 100TV with Hamamatsu Orca-II coole
charge coupled device~CCD! camera~Figs. 2 and 3!, and a
Nikon inverted Diaphot 200 with Spot 2 cooled-CCD came
~Fig. 4!. Samples were imaged using phase contrast, dif
ential interference contrast~DIC! and fluorescence imaging
A tetramethyl rhodamine isothiocyanate filter cube was u
for all fluorescence imaging,~excitation filter 530–560 nm,
dichroic mirror wavelength 570 nm, barrier filter 590–65
nm!. The following dyes were used in this study:
~1! DiIC 16(3) 1,18-dihexadecyl-3,3,38,38- tetramethylin-
docarbocyanine perchlorate~molecular probes D-384!;
~2! DiOC6(3) 3,38-dihexyloxacarbocyanine iodide~molecu-
lar probes D-273!;
~3! DiOC5(3) 3,38-dipentyloxacarbocyanine iodide~mo-
lecular probes D-272!;
~4! DiOC2(3) 3,38-diethyloxacarbocyanine iodide~molecu-
lar probes D-14730!;
~5! BODIPY® FL C 16 4,4-difluoro-5, 7-dimethyl-4-bora-
3a, 4a-diaza-s-indacene-3-hexadecanoic acid~molecular
probes D-3821!; and9 © 2003 American Institute of Physics




































1220 Appl. Phys. Lett., Vol. 83, No. 6, 11 August 2003 Prakash et al.~6! Alexa Fluor® 488 hydrazide, sodium salt~molecular
probes A-10436!.
Of the six fluorophores tested in this study we saw s
cessful labeling of CNTs with only the DiIC16 and the
DiOC6. We saw very limited success with DiOC5 and no
labeling at all with DiOC2, BODIPY or hydrazide. Here we
define successful labeling as that which produced suffic
imaging contrast relative to background to locate CNTs
fluorescence images~where the CNT is bright relative to th
background!. The molecular structure of the two success
and one of the unsuccessful fluorophores are shown in Fi
DiOC5 and DiOC2 have identical structure to DiOC6 aside
from the number of methylene groups in the sidechains.
hyrodzide fluorophore is similar to BODIPY in that it ha
mostly polar moieties extending from the heterocyclic p
tion of the molecule.
In Fig. 2, CNTs are clearly visible in both the pha
contrast image~top! and labeled with DiOC6 in the fluores-
cence image~bottom!. The dye labeling was performed usin
method 1 as described earlier. In some trials, atomic fo
microscopy~AFM! was performed on samples to verify th
CNTs observed in the optical images were individual CN
~Fig. 5!. We found CNTs with diameters as small as 14 n
can be visualized with phase contrast and DIC imagi
Though we show no DIC images, we observed no system
advantage of phase contrast versus DIC in imaging CNTs
addition to the CNTs, carbonaceous debris was pres
which is routinely seen accompanying CNT material. T
dye readily labeled this material also, as is expected du
its graphitic composition. Figure 3 shows another case
CNTs labeled with dye~method 2!. In this case the dye is
DiIC16. We note that since the CNTs are well below t
diffraction limited resolution of the optical system, their a
parent widths will be equal to the resolution limit in both th
DIC and fluorescence images.10 In the case of our optica
system, this limit will be roughly 300–600 nm depending
the numerical aperture values for the objective and conde
lenses.
The noncovalent attachment of the dye to the CN
probably occurs through hydrophobic interaction. Graph
~the sp2 bonded graphite plane! is hydrophobic. CNTs are
essentially graphene sheets wrapped into seamless cylin



















The dyes used in this study lack the polyaromatic struct
that would best facilitate binding to the CNTs throughp
stacking as has been suggested for molecules contai
pyrene moieties.7 The success of the DiIC16 and the DiOC6
in contrast to the poor results of the DiOC5 and DiOC2 sug-
gest that the binding was mediated through the hydrocar
chains. The DiIC16 and DiOC6 having longer hydrophobic
hydrocarbon chains, would bind more stably if the bindi
FIG. 2. Phase contrast image~top! and fluorescence image~bottom! of
CNTs labeled with DiOC6 . Scale bars are 10mm in length.
FIG. 3. Phase contrast~ op! and fluorescence image~bottom! of CNTs la-















































1221Appl. Phys. Lett., Vol. 83, No. 6, 11 August 2003 Prakash et al.happens through this part of the molecule~s e Fig. 1!.
To better elucidate the nature of the binding of the dye
the CNTs, we repeated the experiments using a nonp
solvent~nonaqueous!. The binding affinity of the dye to the
CNTs in the nonpolar solvent should be significantly low
than in the aqueous case~assuming hydrophobic binding!
because of the increased solubility of the dye in the solv
Our results are consistent with this hypothesis. Figure
shows a fluorescence image of CNTs mixed with DiIC16
~method 1! using 1,2-dichloroethane~DCE! in the prep in-
stead of water. The fluorescence image shows a striking
versal of contrast when compared to the fluorescence im
of Figs. 2 and 3. We interpret this image as indicating t
the binding affinity of the fluorophore for the CNTs is low
than to the underlying glass substrate in the nonpolar solv
We see a background of fluorescence from dye lying on
substrate and low fluorescence signal~implying less dye!
coming from the CNTs.
Note that in these images, the intensities were adjus
for maximum contrast. The absolute fluorescence signa
tensities indicate that the coverage of fluorophore on the
derlying substrate was actually less for the DCE case than
the aqueous case, though the contrast and the brightne
the images imply otherwise. This suggests that the bind
affinity of the fluorophore decreased for both the CNTs a
the glass substrate when going from water to DCE. T
decrease in affinity, however, was much more severe in
CNT case and we observed a reversal of contrast. O
et al. mention a similar solvent related contrast effect
single-walled CNT bundles in their report.5 As for the ab-
FIG. 4. Reversal of contrast in nonpolar solvent. Fluorescence imag
CNTs labeled with DiIC16 . For this experiment, the CNTs and dye we





















sence of quenching through energy transfer to the CNTs
has been reported,1–3 we briefly note that the AFM measure
ments were made of CNT before and after labeling for so
trials to determine the thickness of the adsorbed dye~se Fig.
5!. These data indicate a significant buildup of fluoropho
( 10 nm) on the CNTs. The energy transfer was appare
sufficiently attenuated at these distances to allow for succ
ful fluorescence imaging.5
The authors thank Tim O’Brien for helpful discussion
on fluorescence microscopy and the National Science Fo
dation for supporting this work.
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FIG. 5. AFM image of a CNT~left! before the addition of DiOC6 . Fluo-
rescence image~right! after the DiOC6 was added. Inset: AFM image o
CNT after addition of DiOC6 . The CNT indicated by the arrow was 18 nm
in height before the addition of DiOC6 , and 32 nm after. The scale bar is
mm in length. Note that the smaller CNT below the one indicated by
arrow is not labeled by the fluorophore. It is not clear to us why this is
case but we speculate it has to do with its small size. Further investiga
will be needed to answer this question.P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
